The bacterial phosphoenolpyruvate:sugar phosphotransferase system (PTS) 5 is a phosphorylation cascade involved in active sugar transport, signaling, and the regulation of carbon catabolite repression as well as an array of other cellular processes (1-3). The initial phosphorylation steps from phosphoenolpyruvate to His-189 (N⑀2) of enzyme I and subsequently to His-15 (N␦1) of HPr are common to all branches of the PTS. Thereafter, the phosphoryl group is transferred to sugar-specific enzymes II, which fall into four major families, glucose (Glc), mannitol (Mtl), mannose (Man), and chitobiose (Chb). The enzymes II are organized into two cytoplasmic domains A and B, and one or two membrane-bound domains, C and D, which may or may not be covalently linked to one another. The A domains from the four major families bear no sequence or structural similarity to one another, but in all cases the active site residue is a histidine (N⑀2) that accepts a phosphoryl group from His-15 (N␦1) of HPr and donates a phosphoryl group to either a cysteine residue in the case of IIB Glc , IIB Mtl , and IIB Chb or a histidine residue (N␦2) for IIB Man . As in the case of the A domains, the B domains from the four major families bear no sequence similarity to one another, and with the exception of IIB Mtl (4) and IIB Chb (5), which have similar topologies, bear no structural similarity either (2, 3).
The bacterial phosphoenolpyruvate:sugar phosphotransferase system (PTS) 5 is a phosphorylation cascade involved in active sugar transport, signaling, and the regulation of carbon catabolite repression as well as an array of other cellular processes (1) (2) (3) . The initial phosphorylation steps from phosphoenolpyruvate to His-189 (N⑀2) of enzyme I and subsequently to His-15 (N␦1) of HPr are common to all branches of the PTS. Thereafter, the phosphoryl group is transferred to sugar-specific enzymes II, which fall into four major families, glucose (Glc), mannitol (Mtl), mannose (Man), and chitobiose (Chb). The enzymes II are organized into two cytoplasmic domains A and B, and one or two membrane-bound domains, C and D, which may or may not be covalently linked to one another. The A domains from the four major families bear no sequence or structural similarity to one another, but in all cases the active site residue is a histidine (N⑀2) that accepts a phosphoryl group from His-15 (N␦1) of HPr and donates a phosphoryl group to either a cysteine residue in the case of IIB Glc , IIB Mtl , and IIB Chb or a histidine residue (N␦2) for IIB Man . As in the case of the A domains, the B domains from the four major families bear no sequence similarity to one another, and with the exception of IIB Mtl (4) and IIB Chb (5) , which have similar topologies, bear no structural similarity either (2, 3) .
The various protein-protein complexes of the PTS provide a paradigm to explore the structural basis of protein-protein interactions and the factors that permit the recognition of diverse partners using structurally similar interfaces. Moreover, the complexes of the PTS are generally weak (K D ranging from the micromolar to millimolar range) and to date have proved refractory to crystallization. In a series of reports we have used NMR spectroscopy to solve the structures of complexes of HPr with the N-terminal domain of enzyme I (6), IIA Glc (7), IIA Mtl (8) , and IIA Man (9) , and complexes of IIA Glc and IIA Mtl with IIB Glc (10) and IIB Mtl (11) , respectively. In this report we explore the interaction of the IIA Man dimer (35 kDa) with IIB Man (19 kDa), thereby completing the structure determination of the cytoplasmic complexes of the mannose branch of the E. coli PTS.
The mannose transporter of E. coli comprises four domains, expressed as three proteins: IIAB Man , IIC Man , and IID Man (12, 13) .
The two transmembrane components, IIC Man and IIB Man , form a tight complex (13) . The cytoplasmic component, IIAB Man , is an obligate dimer with all dimerization contacts mediated by the A domain (14 -16) . The A (residues 1-134) and B (residues 160 -323) domains of IIAB Man are covalently attached by a flexible 25-residue alanine/proline-rich linker (residues 135-159) and fold independently of one another (15) . Phosphoryl transfer occurs between His-10 of IIA Man and His-175 of IIB Man (14, 17) . In the homologous sorbose (II Sor ) permease of Klebsiella pneumoniae (18) and fructose (II Lev ) permease of Bacillus subtilis (19) , the A and B domains are expressed as separate polypeptide chains. To simplify the NMR spectroscopy and facilitate the identification of intermolecular contacts through isotope-filtered/separated nuclear Overhauser enhancement (NOE) experiments we therefore chose to carry out structural work on complexes of isolated IIA Man and IIB Man . A high (1.7 Å) resolution crystal structure of E. coli IIA Man had previously been solved, but no structure was available for IIB Man . We therefore first solved the solution structure of E. coli IIB Man on the basis of NOE and dipolar coupling data in two alignment media, and then used this structure together with the x-ray structure of IIA Man to solve the structure of the IIA Man -
IIB
Man complex by conjoined rigid body/torsion angle dynamics on the basis of intermolecular NOE data. The intermolecular data recorded on the wild-type IIA Man -IIB Man complex were not compatible with the existence of a single species. Subsequent mutation of the active site His-10 of IIA Man to Glu to mimic phosphorylation of His-10 resulted in the formation of a single complex that was fully consistent with the stereochemical and geometric requirements for phosphoryl transfer between His-10 of IIA Man and His-175 of IIB
Man
. Selection of a single complex by the H10E mutation is due to neutralization of the positively charged Arg-172 of IIB Man at the center of the protein-protein interface of the productive complex. With the structure of the productive complex in hand, we were then able to determine the structure of the non-productive complex by accounting for the intermolecular NOE data on the basis of a mixture of productive and non-productive complexes. In the non-productive complex the active site histidines of IIA Man and IIB Man are ϳ25 Å apart, and the active site His-175 and associated active site loop of IIB Man are exposed to solvent. We suggest that the non-productive complex may therefore be relevant to subsequent phosphoryl transfer to the incoming sugar located on the cytoplasmic side of the transmembrane IIC Man -IID Man complex. This study illustrates how, for weak proteinprotein complexes, a relatively subtle change in a single interfacial residue can have a dramatic impact on the configuration of the resulting complex that, in this instance, may play an important role in both modulating and directing the phosphorylation cascade within the mannose transporter. ) of E. coli was expressed and purified as described previously (9) .
EXPERIMENTAL PROCEDURES
The DNA corresponding to the B domain of IIAB Man (residues 157-323, IIB Man ) was amplified by PCR using a DNA template derived from E. coli chromosomal DNA provided by A.
Peterkofsky. The PCR product contains an NcoI restriction site at the 5Ј site and a tandem pair of in-frame termination codons and a BamHI site at the 3Ј site introduced during the PCR reaction. The NcoI-and BamHI-cut PCR product was purified and subcloned into the corresponding expression sites of the modified pET32a vector (4) to form a thioredoxin fusion protein with a His 6 tag. The selected clone was verified by DNA sequencing.
The following mutations, H10E in IIA Man , and R172Q and H175E in IIB Man were introduced using the QuikChange mutagenesis kit (Stratagene), and the sequences confirmed by DNA sequencing. Expression and purification was carried out using the same protocols as that for the corresponding wildtype proteins.
The plasmids for IIA Man Man protein were harvested, pelleted by centrifugation and resuspended in 50 ml (per liter of culture) of 30 mM Tris, pH 8.0, 10 mM imidazole and 200 mM NaCl. The cell suspension was lysed by three passages through a microfluidizer and centrifuged at 10,000 ϫ g for 20 min. The supernatant was loaded onto a 5-ml nickel-Sepharose column (HisTrap HP, Amersham Biosciences), and the fusion protein was eluted with a 50-ml gradient of imidazole (10 -500 mM). The eluted protein was collected and digested with 200 NIH units of thrombin after overnight dialysis against a 4-liter buffer of 25 mM Tris, pH 8.0, and 200 mM NaCl. Thrombin was removed by passage over a benzamidine-Sepharose column (1 ml, Amersham Biosciences), followed by the addition of 1 mM phenylmethylsulfonyl fluoride. The IIB Man protein after cleavage was collected after loading the digested mixture onto a 5-ml nickel-Sepharose column and further purified by gel filtration.
All NMR samples were prepared in a buffer of 20 mM sodium phosphate, pH 6.5, 0.01% sodium azide, and either 90% H 2 
Man is a symmetric dimer with two non-overlapping but equivalent binding sites for IIB Man . To achieve optimal line widths we chose to record the majority of spectra on samples comprising a 1:1 mixture of IIA Man dimer to IIB Man monomer (see "Results" and "Discussion").
NMR Spectroscopy-NMR spectra were recorded at 30°C on Bruker DMX500, DMX600, DRX600, and DRX800 spectrometers equipped with either x-, y-, and z-shielded gradient triple resonance probes or z-shielded gradient triple resonance cryoprobes. Spectra were processed with the NMRPipe package (23) and analyzed using the programs PIPP, CAPP, and STAPP (24 N-separated NOE spectra (25, 26) . Side-chain rotamers were derived from 3 J NC␥ (aromatic, methyl, and methylene), 3 J CЈC␥ (aromatic, methyl, and methylene) and 3 J CC scalar couplings measured by quantitative J correlation spectroscopy (27) , in combination with data from a short mixing time three-dimensional 13 C-separated NOE spectrum recorded in H 2 O and a three-dimensional 15 N-separated ROE spectrum (26) . Residual dipolar couplings (RDCs) were measured by taking the difference in J couplings between aligned and isotropic media using well established procedures (28 . Structure Calculations-Interproton distance restraints were derived from the NOE spectra and classified into generous approximate distance ranges, 1.8 -2.7, 1.8 -3.5, 1.8 -5.0, and 1.8 -6.0 Å (with an additional 0.5 Å added to the upper limits for NOEs involving methyl groups), corresponding to strong, medium, weak, and very weak NOE cross-peak intensities, respectively (25, 33) . Non-stereospecifically assigned methyl, methylene, and aromatic protons and ambiguous intermolecular NOEs were represented by a (⌺r Ϫ6 ) Ϫ1/6 sum (26, 34) . / torsion angle restraints for free IIB Man were derived from backbone (N, CЈ, C␣, C␤, and H␣) chemical shifts using the program TALOS (35) . Side-chain torsion angle restraints were derived from 3 J heteronuclear couplings and short mixing time NOE and ROE experiments using standard procedures (26) . The minimum range for the torsion angle restraints was Ϯ20°.
All structure calculations were carried out using Xplor-NIH (36) and the IVM (21) module for torsion angle and rigid body dynamics. The structure of the free IIB Man was calculated by simulated annealing in torsion angle space (21) . The structure deter- Bad contacts per 100 residues 3.4 Ϯ 1.0 1.8 (40), and covalent geometry; and a quartic van der Waals repulsion potential (41), a multidimensional torsion angle data base potential of mean force (42), a backbone hydrogen bonding data base potential of mean force with automatic hydrogen-bond selection (43) , and a gyration volume term (44) to represent the non-bonded contacts. The gyration volume term represents a general, weak overall packing potential for any ellipsoidal-shaped molecule based on the observation that proteins pack to a constant density (45) . Structures were displayed using VMD-XPLOR (46) and GRASP (47) . (28) , and the two alignment media provide complementary information, because their alignment tensors are significantly different from one another with a normalized scalar product of 0.57. A summary of the structural statistics is provided in Table 1 , and a stereoview of a best-fit superposition of the backbone atoms of the 130 final simulated annealing structures is shown in Fig. 1A . Residues 157-159 at the N terminus and 322-323 at the C terminus are disordered. The rest of the structure (residues 160 -321) is well defined with a backbone (N, C␣, CЈ, and O) precision of 0.26 Ϯ 0.04 Å. 93% of the residues occupy the most favorable region of Ramachandran space (48) and the hydrogen bonding data base potential (43) automatically identified 93 backbone hydrogen bonds (of which only 55 were explicitly identified based on the pattern of NOEs).
Precision of atomic coordinates (Å)

RESULTS AND DISCUSSION
The structure of IIB Man comprises a central seven-stranded mixed ␤-sheet (␤1, ␤2, ␤3, ␤4, ␤5, ␤8, and ␤9) with a [Ϫ2x, Ϫ1x, 2x, 2x, 1x, 1] topology, surrounded by seven ␣-helices and a short antiparallel ␤-sheet (␤6 and ␤7). The active site (residues 172-176) immediately precedes helix ␣1. The side chain of the active site His-175 is in a g ϩ /g ϩ conformation stabilized by an electrostatic interaction between the carboxylate of Asp-170 and its N⑀2-H atom, with the N␦1 atom exposed to solvent and available for phosphorylation.
Not surprisingly the solution NMR structure of E. coli IIB Man is similar to that of the x-ray structures of K. pneumoniae IIB Sor (2.9-Å resolution) (49) and B. subtilis IIB Lev (1.75-Å resolution) (50), as expected from their high percentage sequence identity (42 and 49%, respectively). The C␣ backbone r.m.s. differences are 1.0 and 1.4 Å, respectively, for the complete polypeptide chain, and 1.1 and 0.7 Å, respectively, for residues 163-186 comprising strand ␤1 (163-170), the active site loop (residues 171-176), and helix ␣1 (residues 177-186).
Binding cies and suggested the presence of two co-existing complexes (Fig. 2) . This is best illustrated by the top panel in Fig. 2A , and to the methyl groups of Thr-180 and Thr-183, as well as the ␦-methylene group of Lys-184, which form a second cluster. Because the methyl groups of Val-211/Leu-207 are ϳ11/18, ϳ13/19, and ϳ16/22 Å away from the methyl groups of Thr-180 and Thr-183 and the ␦-methylene group of Lys-184, respectively, it is evident that the methyl group of Met-103 of IIA Man cannot be close to both clusters of residues simultaneously (Fig. 2C) .
Further qualitative interpretation of the intermolecular NOE data suggested that a small number of NOEs were consistent with a productive complex, that is one in which the two active site histidines, His-10 of IIA Man and His-175 of IIB Man , are in close proximity and therefore capable of phosphoryl transfer, whereas the majority of NOEs arose from a non-productive complex. However, in the absence of prior detailed knowledge of one or the other structure, resolving the structures of two complexes simultaneously from the data was not feasible.
We reasoned that a possible explanation for the existence of two complexes could involve the conserved, solvent-exposed Arg-172 in close proximity to the active site His-175 of IIB Man . In the productive complex, Arg-172 would be buried at the interface and had been previously postulated to interact with the negatively charged phosphoryl group on His-10 of IIA Man (50 (Fig. 3A) . Interestingly, the apparent affinity of the complex of IIB Man with both wild-type IIA Man and the H10E mutant are very comparable with an equilibrium dissociation constant (K D ) of ϳ0.5 mM (Fig.  3B) . Although binding is weak, in the context of intact IIAB Man , where the A and B domains are connected by a flexible 25-residue linker, one can calculate (11, 51) , based upon the expected average end-to-end distance of ϳ50 Å for the linker (52) , that there would be an ϳ85% probability of the two domains interacting with one another at any given time. Man or IIB Man occurs upon binding (at the level of detection of the NMR data). We therefore solved the structure of the productive complex using a hybrid approach that employs conjoined rigid body/torsion angle dynamics (20, 21) on the basis of intermolecular NOE data with the coordinates of free IIA Man (x-ray, PDB code 1POD) (16) and IIB Man (the complete ensemble of NMR simulated annealing structures; this report) treated as rigid bodies and the interfacial side chains given torsional degrees of freedom. In addition, the backbone and side chains of residues 130 -134 of IIA Man were also given torsional degrees of freedom, because intermolecular NOEs were observed involving residues 129, 133, and 134, although residues 131-133 were not visible in the electron density map of the free crystal structure (16). 37 intermolecular NOEs were identified of which 33 are between unique proton pairs, and the remaining 4 are ambiguous involving potentially alternate partners and were therefore treated as (⌺r . It should be noted that the use of RDCs to provide orientational information for the structure determination of the complex was precluded owing to uncertainties in the exact proportions of each component in the sample (i.e. free proteins, complex with one IIB Man bound and complex with two IIB Man molecules bound, all of which will have different alignment tensors), and the unfeasibility of deconvoluting the alignment tensors of the 1:1 and 1:2 complexes (because complete occupancy of the 1:2 complex cannot be achieved at concentrations compatible with the alignment media used for RDC measurements). A summary of the structural statistics is given in Table 2 , and a best-fit superposition of the final 120 simulated annealing structures is shown in Fig. 4A . The relative orientation of IIB Man relative to the IIA Man dimer is well determined by the intermolecular NOE data with an overall backbone precision for the complex of 0.5 Å.
As noted above, samples of wild-type IIA Man and IIB Man comprise a mixture of productive and non-productive complexes. Of the 41 intermolecular NOEs identified, only 5 satisfied the structure of the productive complex with violations Ͻ 0.5 Å, and the remainder are violated by 4 -16 Å.
To obtain the structure of the non-productive complex, we therefore proceeded as follows. The structure of the productive complex (restrained regularized mean coordinates) was held fixed and a second molecule of IIB Man (restrained regularized mean structure of free IIB Man ) was introduced in random starting orientations and its position determined by conjoined rigid body/torsion angle dynamics (21) with the assigned intermo- (34), arising from both the productive and non-productive complexes. (Note that because the intermolecular NOEs are interpreted in terms of loose, conservative distance ranges, and because long distances do not contribute to the (⌺r Ϫ6 ) Ϫ1/6 sum, it is not necessary to know the proportion of productive and non-productive complexes present in the sample). A table of structural statistics is provided in Table 2 , and a best-fit superposition of the ensemble of 120 simulated annealing structures of the non-productive complex is displayed in Fig. 4B . Although the relative orientation of IIB Man relative to IIA Man is not quite as well defined in the non-productive complex relative to the productive one, the backbone precision for the non-productive complex is still rather high (ϳ0.8 Å). It is worth noting that the same ensemble of structures was obtained for the non-productive complex by simply using the 36 intermolecular NOEs that were violated in the productive complex and not including the structure of the productive complex in the calculations. The interface on IIA Man is made up of residues of both subunits and comprises helix ␣1, helix ␣4, and the C-terminal five residues of the A-chain: the active site His-10Ј, the loop between ␤2Ј and ␣2Ј, the N-terminal end of helix ␣2Ј, and helix ␣3Ј of the B-chain. The interface on IIB Man comprises the active site (residues 172-176, including His-175), helices ␣1 and ␣3, and the loops between strands ␤5 and ␤6, ␤6 and ␤7, and ␤8 and ␤9 (Fig. 5, A and C) . A summary of the contacts is provided in Fig. 5C , and a stereoview showing the side-chain interactions is shown in Fig. 6A . The A chain of IIA Man primarily interacts with helices ␣1 and ␣3, and the loop between strands ␤8 and ␤9 of IIB Man , whereas the B-chain primarily contacts the active site loop, helix ␣3, and the loops between strands ␤5 and ␤6 and strands ␤6 and ␤7 of IIB Man . The interface is made up of 57% non-polar atoms and 43% polar ones. The active site histidines, His-10Ј and His-175, are located at the center of the interface, as is Arg-172. In the IIA Man (H10E)-IIB Man complex, the positively charged guanidino group of Arg-172 is neutralized by the negative charge on the carboxylate of H10EЈ, mimicking phosphorylated His-10Ј. In the absence of neutralization of the guanidino group of Arg-172, the productive complex is destabilized allowing an alternative, non-productive complex to be formed. The majority of intermolecular interactions are hydrophobic in nature, and there are only three additional electrostatic interactions, between Asp-106 and Arg-180, and Glu-100 and Lys-184, which anchor helix ␣1 of IIB
Man
, and between Glu-43Ј and Arg- d The intermolecular repulsion energy is given by the value of the quartic van der Waals repulsion term calculated with a force constant of 4 kcal.mol Ϫ1 .Å Ϫ4 and a van der Waals radius scale factor of 0.78. The intermolecular Lennard-Jones van der Waals interaction energy is calculated using the CHARMM19/20 parameters and is not included in the target function used to calculate the structures. The percentage of residues present in the most favorable region of the Ramachandran map (48) for the x-ray structure of free IIA Man (PDB code 1PDO (16) (54, 55) . The transition state can readily be modeled on the basis of the structure of the IIA Man (H10E)-IIB Man complex using the procedures described previously (6 -9) in which the only portion of the complex allowed to move comprises the backbone and side chains of the active site histidines (His-10Ј and His-175), the immediately adjacent residues (residues 8 -12Ј of IIA Man and 173-177 of IIB Man ) and the phosphoryl group (Figs. 4A and 6B) . For an N-P distance of 2.5 Å, which corresponds to a mechanism with substantial dissociative character consistent with many phosphoryl transfer reactions (56), the transition state can be accommodated with negligible (Ͻ0.2 Å) changes in backbone conformation for residues 9Ј-11Ј and 174 -176. Only minor additional backbone changes (ϳ0.2 Å) for these residues are required for an S N 2 mechanism (50% associative) with an N-P distance of 2 Å.
The His-10Ј-P-His-175 transition state is buried within a largely hydrophobic cavity comprising Leu-24, Phe-36Ј, Pro-38Ј, and Pro-73Ј of IIA Man , and Val-178 and the aliphatic portions of the long side chains of Arg-172 and Lys-305 of IIB Man . The phosphoryl group is within hydrogen bonding distance of the hydroxyl group of Ser-72Ј and the guanidino group of Arg-172, thereby stabilizing the transition state. In addition, there may be water-bridged interactions to the phosphoryl group from the hydroxyl group of Thr-68Ј, the carboxyamide of Gln-177, and the NH 3 group of Lys-305 (Fig. 6, B and C) .
The C␣-C␣ distances between the N terminus of IIB Man (residue 209) and the C termini (residues 134 and 134Ј) of the A and B chains of IIA Man are 38 Å and 64 Å, respectively. The expected average end-to-end distance for a random-coil 25-residue linker is ϳ50 Å (52 Fig. 8A . The interaction involves a highly hydrophobic ridge-like protrusion on the surface of IIB Man formed exclusively by helix ␣3, interacting with a subset of residues on IIA Man that comprise the central portion of the interface involved in the productive complex (Fig. 8C ). This subset comprises the predominantly hydrophobic surface formed by helices ␣1 (Met-23, Leu-24, and Leu-25) and ␣4 (Pro-96, Val-99, and Met-103) of the A-chain of IIA Man , and the active site His-10Ј, the loop following strand ␤2Ј (Phe-36Ј), the loop between strand ␤3Ј and helix ␣3Ј (Thr-68Ј, Trp-69Ј, and Gly-70Ј), and helix ␣3Ј (Ser-72Ј and Asn-75Ј) of the B chain of IIA Man (Fig. 8, B  and C (Fig. 8A) . Thus, just as in the case of the productive complex, the interaction between the IIB Man domain and IIA Man domain is likely to occur in trans in the intact IIAB Man dimer. The orientation of IIB Man relative to IIA Man in the non-productive complex is related by a ϳ90-Å rotation and ϳ37-Å translation relative to the productive one. This is readily appreciated from a comparison of the location of helix ␣3 of IIB The active site of IIB Man , including His-175 and Arg-172, is fully exposed to solvent in the non-productive complex, and Man complex can be copurified (58) .
Probing the Role of Arg-172 in Complex Formation-The successful elimination of the non-productive complex as a consequence of the introduction of the phosphomimetic H10E mutation providing charge neutralization of Arg-172, strongly suggests a major role for Arg-172 in conjunction with phosphorylation of His-10 in modulating whether a productive or nonproductive complex is formed. To probe the role of Arg-172 Fig.  2, top panels) . The latter has a value of ϳ0.8 for the wild-type sample. (Note this value cannot be converted to populations of the two species in the wild-type sample, because the NOE intensities are related not only to population but also to specific intermolecular interproton distances in the two complexes.)
The pattern of intermolecular NOEs observed for the IIA Man -IIB Man (H175E) sample is very similar to that of the wild-type IIA Man -IIB Man sample, with only ϳ15% of the intermolecular NOEs attributable to the productive complex compared with ϳ10% for the wild-type sample. The ratio of the cross-peak intensities for the productive to non-productive complexes is increased by ϳ1.2 relative to wild-type. These data indicate that the proportion of non-productive complex is only slightly decreased relative to wild type and, therefore, suggest that the H175E mutation does not provide adequate intramolecular charge neutralization of Arg-172. This finding may be relevant to the postulated role of the nonproductive complex in transferring a phosphoryl group on to the incoming sugar on the transmembrane IIC Man -IID Man complex. In particular, this result may suggest that, once the phosphoryl group is transferred from His-10Ј to His-175, the equilibrium between productive and non-productive complex may be shifted toward the non-productive complex if the intramolecular charge neutralization of Arg-172 by phosphorylated His-175 is less effective than the intermolecular charge neutralization by phosphorylated His-10Ј. This hypothesis may be supported by the observation that the side chain of Arg-172 is disordered in the crystal structure of B. subtilis IIB Lev (49) . For the IIA Man -IIB Man (R172Q) sample, intermolecular NOEs corresponding to both productive and non-productive complexes were observed, but the fraction attributable to the (9) Man to a Glu to mimic histidine phosphorylation results in the exclusive formation (at the level of detection) of a productive complex that is fully consistent with the formation of a pentacoordinate phosphoryl transition state and in which the positive charge on the guanidinium group of Arg-172 is neutralized by interaction with the negative carboxylate group of H10EЈ. In the non-productive complex, Arg-172 and the active site His-175 of IIB Man are fully exposed to solvent and potentially available to transfer a phosphoryl group to the sugar located on the cytoplasmic side of the IIC Man -IID Man transmembrane complex. The left and right panels display the interaction surfaces on IIA Man and IIB Man , respectively, with the color coding as in Fig. 6B . D, diagrammatic representation of the intermolecular contacts with the active site His-10Ј colored in purple, and residues involved in potential side chain-side chain intermolecular electrostatic interactions colored in red (acceptor) and blue (donor).
The structural transition between the productive and nonproductive states is dramatic and involves a 90°rotation and concomitant 37-Å translation of IIB Man relative to IIA Man . The interaction surface on IIA Man in the non-productive complex comprises a subset of residues located in the central region of the interaction surface employed in the productive complex, including the active site His-10Ј. Thus, the non-productive complex does not allow for the formation of a ternary HPr-IIA Man -IIB Man complex, because the interaction surface on IIA Man used by IIB Man is also a subset of the interaction surface on IIA Man used by HPr. The interaction surface on IIB Man in the productive and non-productive complexes also partially overlap insofar that the interaction surface in the non-productive complex comprises exclusively helix ␣3, which is used in a completely different set of interactions with IIA Man in the productive complex.
The existence of the non-productive IIA Man -IIB Man complex may be fortuitous owing to the presence of a highly hydrophobic protrusion on the surface of IIB Man formed by helix ␣3 that can readily fit in a groove between the two subunits of IIA Man . Nevertheless, it seems likely that weak binding complexes with K D values in the 0.1-2 mM range may be particularly susceptible to multiple alternative configurations arising from rather small changes at the interface. Indeed, two distinct quaternary structures resulting from a relatively small number of changes at an interface have been observed in the much tighter homodimeric complexes of the chemokine family where the CXC and CC chemokines have high sequence identity, the same monomer folds, but entirely different dimeric structures employing completely different interfaces (60) .
